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ABSTRACT 
The stoichiometry and site distribution of metastable nickel-titanate spinel has been studied 
with AEM. The results of EDXS and EELS agree that the metastable spinel is nonstoichiometric 
and titanium-deficient relative to its hypothetical endmember composition, "NizTi04". The 
titanium deficiency has been determined by EELS to be A = 0.025 f 0.005. Channeling-enhanced 
microanalysis and ELNES studies indicate that the Ti4+ and Ni2+ cations are in tetrahedral and 
octahedral coordination, respectively, so that the metastable spinel has the normal cation 
distribution: Til-~[Ni2(1+~)]04. This result is consistent with neutron powderdiffraction studies 
and SiO2- solubility measurements of similar equilibrated and quenched spinel-containing 
specimens. Metastable nickel-titanate spinel therefore contrasts with stable stoichiometric spinels 
which tend to the inverse cation distribution, Me[MeTi]O4. 
INTRODUCTION 
As the characteristic scale of the microstructures of engineering materials and devices 
approaches the nanometer level,' the characterization of these structures becomes increasingly 
challenging. Analytical electron microscopy (AEM) offers a variety of characterization techniques 
for the strucNal and chemical analysis of materials with nanometer-scale resolution? Among 
chemical analysis techniques, X-ray microanalysis (or energy-dispersive X-ray spectrometry, 
EDXS) and electron energy loss spectroscopy (EELS) can be used to extract not only quantitative 
local compositions, but also local site distributions and elemental oxidation states.3~~ 
The spinel-structured phase in the system NiO-Tie is a model material for chemical analysis 
with the high spatial resolution of AEM. The equilibrium spinel phase, Ni2(l+x)Til-x04, exists 
only above 1425OC and with a large cation excess?*6 During quenching, the nonstoichiometric 
phase decomposes into a more stoichiometric spinel, Ni2(1+~)Til-~o4, and a periclase-structured 
phase, of nominal composition NiO. The quenched-in metastable spinel always coexists with 
nanometer-scale periclase-structured inclu~ions.~ The high spatial resolution of AEM is therefore 
necessary in order to characterize the metastable quenched-in spinel phase directly. Stable 
stoichiometric titanate spinels tend to the inverse cation distribution, Me(tet)[MeTi]~q04, with 
Me = Mg, Mn, Fe, Co, and Zn. Neutron powder diffractiong and Si@-solubdity stuhes indicate 
that in the metastable nickel-titanate spinel the Ti4+ cation is tetrahedrally coordinated; the site 
distribution is therefore apparently Til-~[Ni2(1+~)]04. However, these earlier studies did not have 
sufficient spatial resolution to isolate the spinel phase in the nanometer-scale microstrucm nor did 
they provide spectroscopic analyses of the metastable spinel. 
Tetrahedral coordination of Ti4+ in crystalline oxides is rare. Nickel-titanate spinel is the only 
known nearly close-packed oxide with the Ti4+ cation in tetrahedral coordination. A rare stable 
stoichiometric compound with tetrahedral Ti4+ is BazTi04.l' However, this latter compound is of 
lower symmetry than spinel and the four oxygen anions surrounding the Ti4+ cation do not form a 
regular tetrahedron.' Titanium can be made to coordinate tetrahedrally in amorphous oxides. The 
strong octahedral site preference of the Ti& cation is exploited technologically in the production of 
g1ass-ceramics12 in which the cation, initially made to assume tetrahedral coordination as a 
network modifier in the glass, achieves octahedral coordination by precipitating in the form of 
Ti@ crystallites; these tiny crystals then serve as sites for the controlled nucleation and growth of 
the fine ceramic grains from the glass. A nearly close-packed crystalline oxide with tetrahedral 
Ti& may also exhibit novel properties that can be exploited technologically. 
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EXPERIMENTAL PR 0 c EDUR E 4 
Powders with the composition NiO-20wt.% Ti@ were equilibrated in air at 1488OC for 142 h 
and quenched in water, as has been detailed elsewhere.6 The quenched specimens were 
subsequently annealed in air at 1200°C for 30 minutes and air quenched. The loosely sintered 
specimens were embedded in epoxy13 and then cut into 200 pm-thick slices with a low-speed 
diamond saw. Thin-foil specimens suitable for AEM investigation were prepared with standard 
mechanical techniques: embedded slices were cut into 3 mm disks with an ultrasonic drill; these 
disks were lapped to -100 pm, dimpled to -20 pm, and ion-milled to perforation. The final stage 
of ion-milling was performed at a relatively low energy (3 keV) and incident angle (12'). A thin 
coat of carbon was applied in order to mitigate charging effects. 
The specimens were examined at OFWL with a Philips EM400T AEM equipped with a field- 
emission electron gun (FEG) and operated at 100 kV. X-ray microanalysis and EELS were 
performed with an EDAX 9100 energy-dispersive X-ray spectrometer and a Gatan 666 parallel- 
collection electron energy-loss spectrometer, respectively. The specimens were cooled to - 130°C 
during spectrum acquisition using a Gatan double-tilt cooling holder. For X-ray microanalysis, the 
majority of the self-supporting disc specimen was masked by a gold washer with a 
0.5 mm x 2.0 mm slot in order to minimize secondary excitation effects. 
RESULTS 
Figure 1 shows EDX spectra characteristic of the three different phases composing the 
specimen. Spectra characteristic of the periclase-, spinel-, and corundum-structured phases, of 
nominal compositions NiO, Ni2Ti04, and NiTi03, respectively, are shown in Fig. la-c. The 
spectrum of the periclase-structured phase, Fig. la, is also shown at 20x magnification in order to 
show the Ti I& peak. (The two other small peaks visible in this enlargement are the Ni I& escape 
peak and the Fe Ka peak, the latter probably due to secondary excitation of the objective pole- 
piece.) The sum of the number of counts in the & peaks of titanium and nickel exceeds 5x105 for 
all three spectra. The ratio of the intensities of the Ti I<cL to the Ni & characteristic peaks in Fig. 1 
are: 
so that, in particular, 
EEL spectra of the spinel- and corundum-structured phases are shown in Figure 2. These 
spectra were acquired with a detector dispersion of -1 eV per channel and show the Ti L2,3,0 K, 
and Ni L23 edges after background subtraction. The two spectra are normalized such that the anxs 
beneath their Ti edges are identical. The number of counts above the L-edges of the transition- 
metal ions were measured for two sets of spinel and corundum spectra with several different 
background-subtraction windows. In all spectra, the number of counts measured above the Ni L 
edges was 4x104; the number of counts above the Ti L edge exceeded 1x105. Based on these 
measurements: 
Figure 3 shows EDX spectra of the spinel-structured phases (a) Ni2 l+~)T i1 -~04  (NT) and 
{200) systematic row. Two spectra are superimposed in each part of the figure: (1) the shaded 
spectrum was recorded with the specimen oriented at the Laue (symmetric) orientation of the 
systematic row, whereas (2) the line spectrum (which appears black-on-white and white-on-black) 
was recorded near the Bragg orientation of the fit-order allowed reflection, { 400}, but with a 
positive excitation error. The relative sizes of the characteristic peaks in the spectra can be 
quantified with the ratio4 R(X/Y) = (Nx(l)/Ny(1)) / (Nx(2)/Ny(2)), where Nx(n) is the number of 
(b) ZnNiTiO4 (ZNT) with the specimens oriented for strong dynamical di f fraction conditions at a 
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Figure 1. 
X-ray microanalysis spectra of (a) periclase-, 
(b) spinel-, and (c) corundum-structured 
phases in the nickel-titanate specimen. 
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Figure 2. EEL spectra of the spinel- and corundum-structured phases. These spectra were 
acquired with a detector dispersion of -1 eV per channel and are shown after 
background subtraction. The scales of the two spectra were adjusted such that 
the areas beneath the Ti L edges are equal. 
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Figure 3. X-ray microanalysis spectra of (a) nickel-titanate spinel and (b) zinc-nickel- 
titanate-spinel, acquired under planar channeling conditions. The shaded spectra 
were acquired with the specimen at the Laue (symmetric) orientation; the 
superimposed line spectra were acquired with the specimen near the Bragg 
condition for the (400) reflection with a slightly positive excitation error. 
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Figure 4. EEL spectra showing the near-edge fine structure of the Ti L2,3 edge of (a) the 
spinel- and (b the corundum-structured phase. Inset are spectra reported by 
Brydson et ai. j4 for (a) Ba2TiO4 and (b) BaTi03, respectively. 
counts recorded in the Ka peak of element X in the nth spectrum. Here, RNT(Ni/Ti) = 2.50, 
Rzsrr(Ni/Ti) = 0.97, and RZNT(Ni/Zn) = 2.79. 
Figure 4 shows EEL spectra of the Ti L23 edge of the (a) spinel- and (b) corundum-structured 
phase, after background subtraction. These spectra were acquired with a detector dispersion of 
-0.2 eV per channel and show the near-edge fine structure (ELNES) of the Ti L2,3 edges for these 
two phases. Comparable spectra of Brydson et aZ.14 for (a) Ba2Ti04 and (b) BaTi03 are inset. 
DISCUSSION 
The ratios calculated in equations (2) and (3) should reflect the relative nickel to titanium 
concentrations in the spinel- and corundum-strucd phases. X-ray microanalysis yields a value 
which is -10% higher than that yielded by EELS. The measured intensities of the characteristic 
peaks in the spectra shown in Fig. 1 are, however, expected to be representative of those excited in 
the primary excitation volume during analysis; corrections for absorption and secondary excitation 
effects should be modest. Since spectra are acquired in portions of the specimen such that only one 
phase is present through the thickness of the foil, the maximum thickness of the specimen should 
be -1Oq nm. Characteristic absorption lengths of Ni I& and Ti Ka X rays in Ni0-2Owt.% Ti@ 
are (pN1)-l = 97 pm and (pT1)-l = 39 pm. The absorption c~r rec t ion~~  for these two X-ray lines 
should therefore be -0.15%. The secondary fluorescence correction is quite modest for masked 
dimpled and ion-milled specimens?*16 even for strongly fluorescing specimens. Given that Ni I& 
fluoresce Ti K X rays relatively weakly, the fluoresced intensity of Ti & is expected to be -0.1% 
of the Ni & intensity and therefore negligible. This expectation is supported by the spectrum of 
the periclase-structured phase (Fig. la): the measured Ti I& intensity is -0.5% of the Ni & 
intensity; the contributions of all secondary excitation effects cannot exceed this value. It is possible 
that beam broadening may be responsible for the higher nickel-to-titanium ratio of the spinel for 
X-ray microanalysis; however, the intensity ratio of the characteristic peaks was found to be 
consistent among a number of spectra. Most likely, channeling effects are responsible for the 
higher nickel-to-titanium ratio in the spinel measured by X-ray microanalysis: as shown by 
Fig. 3% a variation in the intensity ratio by a factor of 2.5 can be achieved under extreme diffraction 
conditions; a residual 10% effect is therefore conceivable and consistent with other studies.17 
EELS is less susceptible to the effects of channeling because those electrons which contribute to 
the effect tend to be scattered through angles larger than that subtended by the collection aperture. 
Assuming that the corundum-structured phase is stoichiometric NiTiO3, the nonstoichiometry 
of nickel-titanate spinel, Ni2(1+~)Til-~o4, consistent with equation (3) is: 
A = 0.025 2 0.005 , 
a deficit of one of forty titanium cations (one in every fifth conventional unit cell) and with an 
average separation of -14 A. Residual nonstoichiometry in the spinel would be accommodated by 
point defects, which should introduce either diffuse reflections or superstructure reflections in the 
diffraction patterns of the spinel, neither of which are observed. However, the amount of diffuse 
scattering produced by a point defect concentration as dilute as that suggested by equation (4) may 
not be pronounced enough to be detected. If the corundum-structured phase is not stoichiometric, it 
would be expected to be NiO-rich; the value of A would then be greater than 2.5%. However, any 
reasonable amount of nonstoichiometry falls well within the standard deviation in equation (4). 
The values RzNT(Ni/Ti) = 0.97 and Rm(NiDh) = 2.79 show that the site distribution of zinc- 
nickel-titanate spinel is Zn[NiTi]Oq: an R-value near unity indicates a similar site distribution 
whereas a value far removed from unity indicates that the cations occupy different lattice sites. 
ZnNiTi04 is a good standard for estimating the size of the channeling effect since Zn2+ has a 
strong tetrahedral site-preference whereas the Ni2+ and Ti4+ cations have strong octahedral site- 
preferences. The channeling-enhanced microanalysis of nickel-titanate spinel therefore strongly 
supports the normal cation distribution, Tii-~[Ni2(1+~)]04, since Rm(Nfli) = 2.50 is of the 
order of RZm(Ni/Zn). The results of ELNES also substantiate the normal site distribution for 
metastable nickel-titanate spinel. The spectral features of the spinel- and corundum-structured 
phases in Fig. 4 are in good agreement with the superimposed spectra reportedl4 for BazTi04 and 
BaTi@, which feature tetrahedrally and octahedrally coordinated Ti&, respectively. 
(4) 
CONCLUSIONS 
Metastable nickel-titanate spinel is characterized by the chemical formula, Til-~[Ni2 1+A)]o4. 
The phase is titanium-deficient relative to its hypothetical endmember composition, "rfizT104", 
and has the normal cation distribution. The degree of nonstoichiometry has been determined by 
EELS to be A = 0.025 f 0.005. X-ray microanalysis, which yields a significantly larger nickel-to- 
titanium cation ratio in the spinel, was deemed less reliable than EELS. The probable reason for 
the inaccuracy is the large channeling effect for Til-~[Ni2(1+~)]04. 
The high spatial resolution of the AEM was necessary to determine the stoichiometry and the 
site distribution of the spinel directly because of the nanometer-scale distribution of the periclase- 
structured NiO phase within the spinel. Larger regions of single-phase Ni2(1+~)Til-~o4 might be 
stabilized in thin-films deposited by a nonequilibrium technique such as sputtenng or pulsed-laser 
deposition (PLD), which can be used'* to deposit thermodynamically unstable phases given a 
suitable choice of substrate material. Thin films of Ni2 1 ~ ) T i 1 - ~ 0 4  might exhibit unusual 
propemes given the unusual tetrahedral coordination of the .f.a 1 cation in this compound. 
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